Background
Access to antiretroviral drugs (ARVs) has increased over time as a result of global initiatives such as the 90-90-90 strategy [1] . Increased access to ARVs could be associated with ARVs off-label use including using them as immune boosters for domestic and farm animals. In Uganda pig feeds have reportedly been adulterated with ARVs for similar reasons [2] . Efavirenz, nevirapine and tenofovir are among the ARVs used as pig immune boosters in Uganda. Efavirenz and nevirapine are largely metabolized through the cytochrome P-450 (CYP) pathways. Farm pigs and humans have been reported to have equivalent amounts of CYPs within the liver [3, 4] . For instance there is 81.1% DNA sequence homology between the major human efavirenz metabolizing enzyme CYP2B6 and the equivalent porcine CYP2B22 [5] . Although phosphorylation, the primary metabolic pathway for tenofovir, has not been well characterized in pigs, other phase ii pathways such as sulfonation are slower in pigs than in humans [5] . Given the prolonged half-life (t 1/2 ) of all three drugs [6, 7] , there is potential for significant residual amounts of any or all the three drugs in pork at slaughter as well as sell points.
This off-label use of ARVs could lead to emergence of drug-resistant HIV strains. Indeed, pretreatment HIV-1 drug resistance (PDR) has increased during the last decade in African communities. In South Africa, the pooled annual PDR prevalence rose from 5% in 2009, to 11·9% in 2015 while the overall PDR of non-nucleoside reverse-transcriptase inhibitor PDR prevalence increased from 5% in 2011, to 10.0% by 2014 [8] . Sub-optimal exposure to anti-microbial agents is a well-known cause for emergence of microbial resistance [9] . We determined prevalence of residual ARVs in pigs slaughtered for consumption and established knowledge of, and potential reasons for the same among key stakeholders in Uganda.
Methods
Using a cross-sectional design, quantitative methods and focus group discussions (FGDs) were applied to determine the prevalence of detectable residues of ARVs in pork and explore causative practices respectively. The study was approved by Institutional Review Board (IRB) from College of Health Science (CHS), Makerere University, School of Biomedical Sciences Research and Ethics Committee (SBS-HDREC-590). Two study sites Teso and Wambizzi abattoirs in Lira and Kampala districts were purposively selected to represent peri-urban and urban settings of Uganda respectively. Blood sample were collected from all pigs brought to the slaughter houses during the study period (August to November 2018) consecutively. A total of 361 plasma samples (257 Wambizzi and 105 Teso) were extracted by centrifugation at 3000rpms for 10 min and stored at − 20°C until analysis for efavirenz, nevirapine and tenofovir was performed using high performance liquid chromatography (HPLC) at Department of Pharmacology and Therapeutics Makerere University, Kampala.
HPLC determination of efavirenz, nevirapine and tenofovir
Plasma efavirenz, nevirapine and tenofovir were determined by reverse-phase HPLC with ultraviolet (UV) detection as previously described [10, 11] . The HPLC machine used consisted of a system controller (model SCL-10AVP), a pump (model LC-10ATVP), auto injector (model SIL-10ADVP), and a spectrophotometric UV-vis detector (model SPD-10AVP) all supplied by Shimadzu co-operation Kyoto Japan.
For efavirenz determination, the column used: Eclipse 7.5 cm × 4.6 mm 3 μm (Agilent Technologies, USA). Mobile phase consisted of 30% acetonitrile, 30% methanol, 4 mmol l −1 potassium hydroxide and 10 mmol l T linear, with a within-day coefficient of variation of 3.2, 3.3 and 5.1% at concentrations of 0.63 mg/L (n = 17), 2.53 mg/L (n = 17), and 6.31 mg/L (n = 16), respectively, with a between-day coefficient of variation of 4.1% (n = 50). The limit of quantification was set at 0.2 mg/L, flow rate: 1.0 ml/min.
The column used for determination of plasma nevirapine was zorbax eclipse XBD-phenyl 5 μm C18, 4.6 mm × 150 mm (Agilent Technologies, USA). The mobile phase consisted of 75% phosphate buffer and 25% acetonitrile. Plasma precipitation used 0.55 M perchloric acid. The supernatant 200 μl) was eluted at 50 μl min −1 for 15 min. The retention time for nevirapine was 7.5 min as detected at UV-VIS 280 nm, flow rate was 0.6 ml/min. The method was linear, with a within-day coefficient of variation of 3.0, 2.3 and 4.2% at concentrations of 1.0 μg/ml (n = 20), 5.0 μg/ml (n = 17), and 16.0 μg/ml (n = 16), respectively, and a between-day coefficient of variation of 3.7% (n = 50). The limit of quantification was set at 0.05 mg/L.
The column used for determination of plasma tenofovir was Atlantis C18, 150 × 3.0 mm, 3 μl. Separation was performed at 25°C with gradient elution, flow rate at 0.6 ml/min for tenofovir mobile phase A which consisted of 5 mM ammonium acetate buffer pH 2.5/methanol:99/1:v/v. Mobile Phase B and C contained 10 mM phosphate buffer pH 3.3/ Methanol: 99/1:v/v and 100% acetonitrile respectively. The plasma proteins were precipitated using the solid phase extraction method. After evaporation, samples were each reconstituted with 100ul of double distilled deionised water. Injection volume of 5ul was administered. UV-VIS detection was performed at 260 nm, acquisition delay 5 min, retention time approximately 6 min and total run time 25 min. Quantification was done using the peak areas of the analytes normalized to peak area of the internal standard; limit of quantification 0.01 mg/L. The method was linear, with a within-day coefficient of variation of 0.0, 2.8 and 3.2% and between day coefficient of variation of at concentrations of 0.08 mg/L (n = 5), 0.86 mg/L (n = 5), and 8.95 mg/L (n = 5), respectively.
Focus group discussions (n = 4) each consisting of eight participants were conducted. Participants included farmers, abattoir owners and agricultural extension officers. Descriptive statistics were conducted to summarize the data in form of frequencies and percentages using STATA/IC version 15 (Stata Corp, Texas, 77,845, USA).
Results
A total of 361 plasma samples from Kampala district (n = 256) and Lira district (n = 105) were analyzed for efavirenz and nevirapine residues, while 124 from Kampala district (n = 19) and Lira district (n = 105) were tested for tenofovir. Thirty-two (32) participants were involved in the FGDs. Most of the participants were famers 87.5% (n = 28). Agricultural officers and abattoir owners constituted only 12. 5% (n = 4).
ARV residues were detected in 27.4% (95%CI: 22-32.3) samples. Prevalence of ARV residues by the two study sites was 19.1% (CI: 14.5 to 24.5) and 47.6% (CI: 37.8 to 57.6) in Wambizzi and Teso respectively. Efavirenz and nevirapine detection rates were higher in Lira 33.3% (CI: 24.4 to 43.20) and 18.1% (CI: 11.3 to 26.8) compared to Kampala 5.5% (CI: 3.0 to 9.0) and 12. 1% (CI: 8.4 to 16.8), Table 1 . The median (IQR) detectable ARV drug residual concentration were; EFV 0.26 (0.23-0.31) mg/L and NVP 0.08(0.06-0.11) mg/L. The median (IQR) residual EFV concentrations were 0.26 (0.24-0.28) mg/L and 0.26 L (0.22-0.33) mg/L in Wambizzi and Teso respectively whereas median (IQR) residual NVP concentrations were 0.08 (0.06-0.13) mg/L and 0.07 (0.05-0.1) mg/L for samples collected from Kampala and Lira districts respectively (Fig. 1) .
The major possible cause of detectable residual ARVs in pigs slaughtered in Uganda is reflected in some quotes from FGDs below:
"You see, when these pigs are given ARVs, they grow faster and fatter and are sold off quickly. I know someone who uses ARVs for their pigs, his pigs eat a lot, grow so fast and are sold off real fast, and they also take long to fall sick".
"It works for human so the pigs will be healthy like humans".
Discussion
Significant residual efavirenz and nevirapine were detected in pork sold to Ugandan consumers. Although laboratory analysis for tenofovir was conducted, no residues were detected. However, since tenofovir is given as a constituent of a fixed dose combination with lamivudine and either efavirenz or nevirapine, its relatively shorter half-life [7] and low sensitivity of HPLC_UV method used [11] are possible explanations for this negative result. The FGDs confirmed the findings with similar reports previously made in Kenya [12] .
Overall access to ARVs is restricted as a way of minimized un-controlled use of the same. While Community Health Workers (CHWs) contribute to, and strengthen HIV services in sub-Saharan Africa, this, and the rapidly increasing access to ARV drugs might facilitate their offlabel use. The central ARV distribution to dispensing units including CHWs is guided by the number of registered patients and their re-fill schedules. Off-label use therefore culminates into poor adherence. Indeed, it was noted from FGDs that farmers access ARVs from ART recipients for about US$ 0.05 per pill. Poor adherence and direct exposure to sub-therapeutic ARV drug levels in animals and humans are major causes of acquired HIV drug resistance [13] . Ordinarily, subtherapeutic exposure to antimicrobial agents result into selective killing of susceptible strains which reduces reproductive competition thus allowing the more resistant strain to multiply rapidly and gain dominance. More complex modes of HIVDR transmission are also possible. For instance, according to Barza et al., resistance traits could be acquired through plasmids in commensal flora of pigs in this case, which then may find their way through the food chain to commensals and pathogens of humans [14] . Although, human exposures to residual ARVs in pigs would be by eating pork, this study measured residual ARV concentrations in blood, an integral part of pork. Additionally, for most drug there is an equilibrium between blood and tissue at steady state conditions, rendering plasma concentration a reliable proxy for tissue drug concentrations. Using LOQs rather than LOD for categorization of plasma samples as positive or negative for residual ARVs might have led to more false negatives thus a possible underestimation of the problem. While empowering communities with knowledge may constitute a long-term strategy to mitigate off-label use of ARVs, deliberate efforts to promote effective accountability for ARVs by dispensing CHWs and patient adherence are paramount. Findings from the present study provide a solid benchmark for a more comprehensive study to guide policy on off-label use of ARVs and other anti-microbial agents. 
Conclusion
Pork consumers in Uganda are substantially exposed to ARVs. ARVs are intentional adulterants of farm pig feeds and are a source of residues in pork that is consumed by communities in Uganda. 
